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Highlights 
 Electrocatalysis of formic acid oxidation on platinum single crystal electrodes modified 
by adatoms is reviewed 
 The different behavior of the adatoms is described 
 Models describing the observed effect of the adatoms are presented. 
 A mechanism for the electrocatalysis is presented combining experiments and 
theoretical results.  
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Abstract 
 The oxidation of formic acid on single crystal platinum electrodes modified by a 
constant coverage of irreversibly adsorbed adatoms is described in this review. This subject 
has been studied for a wide period and the available information is huge.  In consequence, we 
have selected the self-consistent set of results, which try to explain the nature of the 
electrocatalytic behaviour of the adatoms and to point out the research details that should be 
addressed in the future. All the results have been linked to the increasing understanding of 
formic acid oxidation on single crystal platinum electrodes in absence of foreign adatoms.  
 
Introduction 
Formic acid oxidation (FAO) reaction  on platinum electrodes is a model reaction, 
which can be used  to check our understanding in the oxidation of possible organic fuels. 
Despite the fact that formic acid itself can be considered as a suitable fuel, it is clear that there 
are other molecules that could be more appropriate fro using them in a fuel cell. However, 
their oxidation process is much more complex. This complexity arises from its oxidation 
kinetics and it is believed that if we can understand the kinetics of these processes and identify 
the rate determining steps and, we would be able to find better electrocatalysts. In this 
respect, the simplest molecule that can be used as the reasonably starting point is formic acid 
and FAO has been widely studied in the past and still new data is being published, clarifying 
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some issues in the mechanism. In this report, we will attempt to select relevant papers that 
generated the actual state of knowledge, as far as we understand.    
FAO kinetics is the paradigm of the so-called dual path mechanism [1], widely present 
in other organic fuel reactions: the reaction splits in two parallel sets of elementary steps, one 
leading to the desired final product CO2, at relatively low potentials and running through the 
so-called active intermediate, and a parallel chemical dehydration step leading to adsorbed 
CO, which will be further oxidized to CO2 at higher potentials.  
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It is well known that FAO is a structure-sensitive process which depends on the surface 
orientation of the platinum electrocatalyst, this fact being demonstrated for both reaction 
paths [2-5]. Adsorbed CO, the poisoning intermediate, inhibits the overall reaction process. For 
this reason, the inhibition of this poisoning path would lead to the enhancement of the FAO 
rate and has been the subject of many efforts. Incidentally, it was observed that the 
adsorption of some foreign adatoms enhanced the electrochemical reaction rate. The most 
relevant papers, in which fundamental interpretation of data is attempted, can be found in the 
works by S. Motoo, who classified the effect of surface adatoms on polycrystalline platinum 
into three groups: i) those inducing electronic effects to the surface of the material, ii) those 
acting as a third body, simply inhibiting the dehydration reaction and iii) those playing a 
bifunctional role, in such a way that they would easily adsorb oxygen suitable to oxidize 
adsorbed CO at lower potentials than on pure platinum [6,7]. 
It was thus logical to study the role of the different adatoms on single crystal platinum 
substrates to get insight in surface reactivity. The ideal situation for the catalysis is  that in 
which the surface composition could be kept constant in a wide potential range. This excluded 
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experiments in which metals were deposited in underpotential deposition (UPD) conditions, 
because, in these latter cases, the composition of the surface depends on the applied 
potential. Thus, the so-called irreversibly adsorbed adatoms [8,9], many of them having 
catalytic effects at polycrystalline platinum, are the best candidates to be analyzed at well-
defined platinum single crystal surfaces, correlating coverage values and currents.   
 
Experimental details. 
Fundamental studies require a careful control of the surface structure and cleanliness. 
Single crystal electrodes were prepared from single crystal beads by using usual procedures. 
They were flame annealed and cooled in convenient atmospheres. Voltammetry was used to 
check surface order of the surfaces and cleanliness of the cells. Irreversible adsorption was 
carried out either spontaneously at open circuit or at controlled potentials. To compare, 
adatom coverages are referred to the blockage of the platinum surface: 
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where qH
0 and qH
x are the hydrogen adsorption charges for bare and adatom modified Pt 
electrode.  The coverage defined in this way (x) is a relative coverage, in which the value 1 is 
assigned for a layer in which all the Pt sites have been blocked by the adatom, i.e., no 
hydrogen adsorption is observed. In some cases, it is possible to calculate a absolute coverage 
values (x), defined as the number of adatoms by Pt surface atom, using some redox process 
undergone by the surface adatom [10]. Poison formation ability was performed at open circuit. 
In all cases, the CO coverage was estimated from its overall stripping charge without further 
correction.  
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Surface structure of the adatom-covered single crystal platinum electrodes. 
For electrocatalytic purposes, relative coverage values calculated from the decrease of 
the platinum adsorption ability can be used in the analysis of the data, but it seemed 
interesting to investigate the structure of the adlayers and the stoichiometry of the surface 
reactions undergone by the irreversibly adsorbed adatoms. These reactions usually involve the 
formation of an oxidized product at high potentials. This information could be further relevant 
in the study of other oxidation processes. The first information was taken from charge 
balancing between the increasing adatom related signal and the decrease of the substrate 
related one. This balance lead to linear plots in most cases and from them a general surface 
stoichiometry for the adatom redox process could be proposed under some hypothesis. These 
stoichiometry values are used to calculate absolute coverage values 
Among the cases investigated, the As-Pt(111) system is likely the one that gave the 
best agreement between expected electrochemical reaction for the adatom and the surface  
blockage [11,12]. Other cases, particularly that of Bi-Pt(111) were less straight forward [13], 
because the surface stoichiometry for the surface reaction of bismuth gave an oxidized state 
with a +2 valency and adlayer reorganization was detected as the coverage reaches a given 
value. To try to explain this anomalous value, it was proposed that the species adsorbing 
oxygen in the redox process was the neighboring Pt sites and not the Bi adatoms [14,15]. This 
explanation is strange because Bi is a more electropositive adatom than As, for wich the 
adsorption of oxygen on the As adatoms was corroborated [12]. Therefore, there are still many 
details on surface reactivity that should be investigated to have clear picture of the structure 
of these electrocatalysts. It should be noted that these systems can be used in combination 
with other species, such as CO [16] and NO [17] 
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Electrocatalysis on the Pt(111) substrate. 
In general, the presence of irreversibly adsorbed adatoms on Pt(111) substrates lead to 
an increase of the current density at around 0.5 V, e.g. the potential at which the substrates 
show their maximal activity [18-25]. In the case study of Bi-Pt(111) electrodes, the activity 
increases linearly with the adatom coverage until a maximum was reached, then decreased 
when the adlayer was close to completion [18] (figure 1). For the different adatoms studied on 
the Pt(111), it was observed that the current densities were generally higher than those 
corresponding to the intrinsic activity of the Pt(111) substrates free of poison [19]. This 
behavior suggests that reaction requires free platinum sites, and that the enhancement takes 
place on those free sites close neighborhood to sites occupied by the adatom. It was also 
realized that the enhancement of the activity was dependent on the electronegativity of the 
adatom: better results were obtained with the less electronegative adatoms [21,26]. 
Additionally, temperature dependent studies revealed that the activation energy for the 
reaction diminished as the coverage increases  [26,27]. Moreover, the values were around 20 
kJ mol-1 for the Bi coverage that displays the higher activity.   
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Figure 1. Current density for formic acid oxidation vs. bismuth coverage. The current has been 
measured at 0.5 V vs. RHE in 1 M HClO4+ 0.5 M HCOOH for the Pt(111) [28]. The solid line 
represents the curve obtained according to the model of Ref [29] 
 
On the other hand, when the poison path was studied, a drastic diminution in the 
amount of poisoning was observed for very low adatom coverages [30]. It should be stressed 
that the rate for CO formation on the Pt(111) electrode was significantly lower than that 
measured for other single crystal surfaces [31], but CO could be detected. Studies with 
stepped surfaces showed that CO was generated at the step sites and, once these sites were 
blocked by electropositive adatoms, poison was not generated at terraces [32-34]. Thus, it was 
also proposed that CO was formed on the defects of real Pt(111) electrodes. This characteristic 
behaviour of the adatoms does not fit with the expected for a third-body mechanism, 
especially because the high activity and the negligible poisoning at very low adatom coverage.   
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Electrocatalysis on the Pt(100) substrate.  
The unmodified Pt(100) surface has much higher activity than the Pt(111) electrode for 
both the direct reaction route and the poison formation [31,35]. When these surfaces are 
modified by adatoms, the most characteristic behavior is that of the Sb-Pt(100) system [36], 
whose response can be explained by a third body mechanism. In this case, poisoning decreases 
almost linearly with adatom coverage and its formation is completely inhibited before 
achieving full substrate blockage. When coverages reach those in which poisoning is negligible, 
the FAO current steadily increases and reaches a maximum value which is similar to the 
intrinsic activity of the substrate in absence of poison (figure 2). The diminution of the 
electrocatalytic activity at higher adatom coverage still suggests that the active sites are those 
of adatom uncovered platinum, but the absence of the poisoning for the coverage of 
maximum activity reveals that both reaction path have different site requirements [37,38]. 
Most of the studied adatoms follow qualitatively this behavior, but changing the maximum 
activity measured when the poison is completely inhibited. [36,37,39-42]  
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Figure 2. Current density for formic acid oxidation vs. antimony coverage. The current has 
been measured at 0.5 V vs. RHE in 0.5 M H2SO4+ 0.25 M HCOOH for the Pt(100) [28,36]. The 
solid line represents the curve obtained according to the model of Ref [29] 
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Electrocatalysis on the Pt(110) substrate. 
Unlike the preceding cases, the behavior of the adatoms at Pt(110) was only recently 
addressed, because it was difficult to analyze adatom adsorption  at the Pt(110) substrates. 
Once solved in a reasonably way, FAO showed a different reactivity than the other two basal 
planes: as the adatom coverage increases, gains in activity are observed. This means that the 
reaction could take place at the adatom covered surfaces. A third-body inhibition of self-
poisoning is found [43,44].  
 
Electrocatalysis on the Pt nanoparticle substrates.  
From the previous results using well-defined model electrodes, it seems clear that 
there is a great variety of responses when adatom-modified Pt electrodes are considered. In 
fact, it can be predicted that electrocatalysis will be always observed when adatom modified 
Pt nanoparticles are used. This is always the case, the differences being only due to small 
changes in the surface properties of the nanoparticles. It can be anticipated that the main 
problem for using these modified nanoparticles as electro catalysts deals with their stability, 
because the monolayer amount of the adatoms would likely dissolve with time. Only in cases 
in which it is possible to prepare intermetallic materials or when noble metals are used as 
modifiers, a reasonable stability could be expected. In the case of intermetallic compounds, 
they have shown an excellent activity [45-47]  
 
Understanding the effect of the adatoms: statistic modelling and DFT studies. 
From the observed behavior of the different adatoms on the studied single crystal 
electrodes, it was soon realized that the adatoms could have two different roles: they could 
take an active part in the activation of the direct reaction and/or they could act as inhibitors 
for the CO formation (third body effect). In order to distinguish both roles and to determine 
which role(s) was(were) following each adatom on the different surfaces, a statistic model was 
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build [29]. In this model, the adatom was randomly distributed on the surface for a given 
coverage. For the case where the adatom has an active role in the reaction, it was proposed 
that the active site is the ensemble of a free site neighboring an adatom. Thus, the activity of 
those surfaces should be proportional to the number of those ensembles present on the 
surface for a given coverage. On the other hand, for the third body effect, it was proposed that 
CO formation requires two neighboring Pt sites whereas only one Pt site is involved in the 
direct route, in agreement with the experimental observed differences in the mechanism of 
both paths [41,48]. For low adatom coverages the activity is very low because the surface is 
readily covered by the poison. When the results from the two models were compared to the 
experimental results, it was found that the agreement was very good and they were able to 
explain the observed activity. It should be stressed that this model assumes that the adatom is 
adsorbed randomly on the surface, that is, there are no lateral interaction between the 
adsorbed adatoms and the adsorption of the adatom takes place in a specific site of the 
surface. In spite of these simplistic assumptions (lateral interactions and structural changes 
have been detected by  STM [13]), the model gave a very good fitting allowing to establish the 
basic mechanisms for the catalysis. On one hand, for the Bi-Pt(111) surfaces, the model 
confirmed that the active role of Bi on the catalysis of the reaction (figure 1, solid line). For the 
other paradigmatic case, the Sb-Pt(100) system, the increase in activity observed for very high 
adatom coverages was related to the inhibition of poison formation on the isolated Pt sites, 
without discarding the enhancing effect of the Sb-Pt ensemble (figure 2, solid line).    
To understand how the adatom on the Pt(111) electrode could activate the direct 
oxidation of formic acid, DFT calculations were carried out [26,27]. It was found that the Bi 
adatom on the Pt(111) surface had a partial positive charge, whereas the balancing negative 
charge was distributed over the Pt atoms. The positive charge of the Bi adatom facilitated the 
adsorption of formate from solution so that this species was bonded to the adatom by an 
oxygen (figure 3). In this configuration, the adsorbed formate can freely rotate using O-C axis. 
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In this rotation process, when the C-H bond in the formate species is pointing to the Pt surface, 
the cleavage of the C-H bond takes place giving rise to CO2 and adsorbed hydrogen [26,49,50]. 
Owing to the potentials at which the reaction takes place, adsorbed hydrogen is oxidatively 
desorbed to the solution as a hydronium cation. These results validate the statistical model in 
which the active site is the Bi-Pt ensemble, and also explains the low activation barrier found 
experimentally and its diminution with the adatom coverage. The calculated activation barrier 
in the cleavage of the C-H bond for the Bi-adsorbed formate is almost negligible. These 
calculations imply that the system is acting as a bifunctional catalyst: the Bi adatom facilitates 
the adsorption of formate on the surface in the right configuration so that the neighboring Pt 
atom activates the cleavage of the C-H bond.  
 
 
Figure 3. HCOO fragment adsorbed on the Bi-Pt(111) surface prior to the cleavage of the C-H 
bond. Adapted from [27] 
 
Additionally, the DF  calculations also explained the experimentally observed increase 
in the activity of the Pt(111)-adatom system for the formic acid oxidation reaction as the 
adatom electronegativity of the adatom decreases [26]. When different adatoms were 
employed in the DFT calculations, it was observed that adsorption energy of formate was 
proportional to the partial positive charge retained by the adatom and this partial positive 
charge was, in turn, proportional to the electronegativity difference between Pt and the 
adatom. Thus, it can be inferred that the higher the difference in the electronegativity 
between Pt and the adatom is, the larger the positive charge is retained by the adatom, and 
the easier the adsorption of formate is obtained.        
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
12 
 
 
Acknowledgments. 
This work has been financially supported by the MINECO (Spain) and Generalitat Valenciana 
through projects CTQ2016-76221-P (AEI/FEDER, UE) and PROMETEOII/2014/013, respectively. 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
13 
 
References and recommended reading. 
1. Capon A, Parsons R: The oxidation of formic acid at noble metal electrodes Part III. 
Intermediates and mechanism on platinum electrodes J. Electroanal. Chem. 1973, 
45:205-231. 
2. Clavilier J, Parsons R, Durand R, Lamy C, Leger JM: Formic acid oxidation on single 
crystal platinum electrodes. Comparison with polycrystalline platinum. J. Electroanal. 
Chem. 1981, 124:321-326. 
3. Clavilier J, Sun SG: Electrochemical Study of the Chemisorbed Species Formed from 
Formic-Acid Dissociation at Platinum Single-Crystal Electrodes. J. Electroanal. Chem. 
1986, 199:471-480. 
4. Sun SG, Clavilier J, Bewick A: The mechanism of electrocatalytic oxidation of formic 
acid on Pt (100) and Pt (111) in sulphuric acid solution: an emirs study. J. Electroanal. 
Chem. 1988, 240:147-159. 
5. Adzic RR, Tripkovic AV, O'Grady WE: Structural effects in electrocatalysis. Nature 
1982, 296:137-138. 
6. Motoo S, Furuya N: Electrochemistry of platinum single crystal surfaces : Part II. 
Structural effect on formic acid oxidation and poison formation on Pt (111), (100) 
and (110). J. Electroanal. Chem. 1985, 184:303-316. 
7. Watanabe M, Horiuchi M, Motoo S: Electrocatalysis by ad-atoms. 23. Design of 
platinum ad-electrodes for formic acid fuel cells with ad-atoms of the 4th group and 
the 5th group. J. Electroanal. Chem. 1988, 250:117-125. 
8. Feliu JM, Fernández-Vega A, Aldaz A, Clavilier J: New observations of a structure 
sensitive electrochemical-behavior of irreversibly adsorbed arsenic and antimony 
from acidic solutions on Pt(111) and Pt(100) orientations. J. Electroanal. Chem. 1988, 
256:149-163. 
9. Clavilier J, Feliu JM, Aldaz A: An irreversible structure sensitive adsorption step in 
bismuth underpotential deposition at platinum electrodes. J. Electroanal. Chem. 
1988, 243:419-433. 
10. Feliu JM, Fernández-Vega A, Orts JM, Aldaz A: The behavior of lead and bismuth 
adatoms on well-defined platinum surfaces. J. Chim. Phys. Phys.-Chim. Biol. 1991, 
88:1493-1518. 
11. Orts JM, Rodes A, Feliu JM: Irreversibly adsorbed As at full blockage on Pt(111) 
electrodes: surface stoichiometry. J. Electroanal. Chem. 1997, 434:121-127. 
12. Zhou WP, Kibler LA, Kolb DM: XPS study of irreversibly adsorbed arsenic on a Pt(111) 
electrode. Electrochim. Acta 2004, 49:5007-5012. 
13. Kim J, Rhee CK: Ensemble size estimation in formic acid oxidation on Bi-modified 
Pt(111). Electrochem. Commun. 2010, 12:1731-1733. 
14. Ball M, Lucas CA, Markovic NM, Murphy BM, Steadman P, Schmidt TJ, Stamenkovic V, 
Ross PN: X-ray Scattering Studies of Irreversibly Adsorbed Bismuth on the Pt(111) 
Electrode Surface. Langmuir 2001, 17:5943-5946. 
15. Hamm UW, Kramer D, Zhai RS, Kolb DM: On the Valence State of Bismuth Adsorbed 
on a Pt(111) Electrode - An Electrochemistry, LEED and XPS Study. Electrochim. Acta 
1998, 43:2969-2978. 
16. Chang SC, Weaver MJ: Influence of coadsorbed bismuth and copper on carbon 
monoxide adlayer structures at ordered low-index platinum-aqueous interfaces. 
Surf. Sci. 1991, 241:11-24. 
17. Figueiredo MC, Sisson N, Nichols RJ, Lucas CA, Climent V, Feliu JM: NO adsorption on 
Pt (111)/Bi surfaces. Electrochem. Commun. 2013, 34:37-40. 
18. Clavilier J, Fernández-Vega A, Feliu JM, Aldaz A: Heterogeneous electrocatalysis on 
well defined platinum surfaces modified by controlled amounts of irreversibly 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
14 
 
adsorbed adatoms. 1. Formic-acid oxidation on the Pt (111) - Bi system. J. 
Electroanal. Chem. 1989, 258:89-100. 
19. Fernández-Vega A, Feliu JM, Aldaz A, Clavilier J: Heterogeneous electrocatalysis on 
well-defined platinum surfaces modified by controlled amounts of irreversibly 
adsorbed adatoms: Part IV. Formic acid oxidation on the Pt(111)-As system. J. 
Electroanal. Chem. 1991, 305:229-240. 
20. Campbell SA, Parsons R: Effect of Bi and Sn adatoms on formic acid and methanol 
oxidation at well defined platinum surfaces. J. Chem. Soc., Faraday Trans. 1992, 
88:833-841. 
21. Herrero E, Llorca MJ, Feliu JM, Aldaz A: Oxidation of formic acid on Pt(111) electrodes 
modified by irreversibly adsorbed tellurium. J. Electroanal. Chem. 1995, 394:161-167. 
22. Lei HW, Hattori H, Kita H: Electrocatalysis by Pb adatoms of HCOOH oxidation at 
Pt(111) in acidic solution. Electrochim. Acta 1996, 41:1619-1628. 
23. Climent V, Herrero E, Feliu JM: Electrocatalysis of formic acid and CO oxidation on 
antimony-modified Pt(111) electrodes. Electrochim. Acta 1998, 44:1403-1414. 
24. Jung GY, Park HS, Rhee CK: Contrasting electrochemical behavior of irreversibly 
adsorbed Sb monolayer on Pt(100) and Pt(111) single crystal electrode surfaces. J. 
Electroanal. Chem. 1998, 453:243-247. 
25. Schmidt TJ, Behm RJ, Grgur BN, Markovic NM, Ross PN: Formic acid oxidation on pure 
and Bi-modified Pt(111): Temperature effects. Langmuir 2000, 16:8159-8166. 
26. ** Ferre-Vilaplana A, Perales-Rondon JV, Feliu JM, Herrero E: Understanding the Effect 
of the Adatoms in the Formic Acid Oxidation Mechanism on Pt(111) Electrodes. ACS 
Catal. 2015, 5:645-654. 
 A model for the catalysis of the adatoms is described, ralating electronegativity of the 
adatoms with electrocatalytic activvity. 
27. ** Perales-Rondon JV, Ferre-Vilaplana A, Feliu JM, Herrero E: Oxidation Mechanism of 
Formic Acid on the Bismuth Adatom-Modified Pt(111) Surface. J. Am. Chem. Soc. 
2014, 136:13110-13113. 
 A detailed mecanism for the catalysis in the presence of Bi is presented. 
28. Maciá MD, Herrero E, Feliu JM: Formic acid oxidation on Bi-Pt(111) electrode in 
perchloric acid media. A kinetic study. J. Electroanal. Chem. 2003, 554:25-34. 
29. * Leiva E, Iwasita T, Herrero E, Feliu JM: Effect of adatoms in the electrocatalysis of 
HCOOH oxidation. A theoretical model. Langmuir 1997, 13:6287-6293. 
 Statistitcal model that allows distinguishing the effects of the adatom in the 
electrocatalysis. 
30. Herrero E, Fernández-Vega A, Feliu JM, Aldaz A: Poison formation reaction from 
formic acid and methanol on Pt(111) electrodes modified by irreversibly adsorbed Bi 
and As J. Electroanal. Chem. 1993, 350:73-88. 
31. Grozovski V, Climent V, Herrero E, Feliu JM: Intrinsic activity and poisoning rate for 
HCOOH oxidation on platinum stepped surfaces. Phys. Chem. Chem. Phys. 2010, 
12:8822-8831. 
32. Maciá MD, Herrero E, Feliu JM: Formic acid self-poisoning on adatom-modified 
stepped electrodes. Electrochim. Acta 2002, 47:3653-3661. 
33. Maciá MD, Herrero E, Feliu JM, Aldaz A: Formic acid self-poisoning on bismuth-
modified stepped electrodes. J. Electroanal. Chem. 2001, 500:498-509. 
34. Maciá MD, Herrero E, Feliu JM, Aldaz A: Formic acid self-poisoning on bismuth-
modified Pt(755) and Pt(775) electrodes. Electrochem. Commun. 1999, 1:87-89. 
35. Grozovski V, Climent V, Herrero E, Feliu JM: Intrinsic Activity and Poisoning Rate for 
HCOOH Oxidation at Pt(100) and Vicinal Surfaces Containing Monoatomic (111) 
Steps. ChemPhysChem 2009, 10:1922-1926. 
36. Fernández-Vega A, Feliu JM, Aldaz A, Clavilier J: Heterogeneous electrocatalysis on 
well defined platinum surfaces modified by controlled amounts of irreversible 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
15 
 
adsorbed adatoms. 2. Formic acid oxidation on the Pt(100)-Sb system. J. Electroanal. 
Chem. 1989, 258:101-113. 
37. Herrero E, Llorca MJ, Feliu JM, Aldaz A: Oxidation of formic acid on Pt(100) electrodes 
modified by irreversibly adsorbed tellurium. J. Electroanal. Chem. 1995, 383:145-154. 
38. Herrero E, Feliu JM, Aldaz A: Poison formation reaction from formic acid on Pt(100) 
electrodes modified by irreversibly adsorbed bismuth and antimony J. Electroanal. 
Chem. 1994, 368:101-108. 
39. Yang Y-Y, Sun S-G, Gu Y-J, Zhou Z-Y, Zhen C-H: Surface modification and 
electrocatalytic properties of Pt(100), Pt(110), Pt(320) and Pt(331) electrodes with Sb 
towards HCOOH oxidation. Electrochim. Acta 2001, 46:4339-4348. 
40. Kizhakevariam N, Weaver MJ: Structure and reactivity of bimetallic electrochemical 
interfaces:infrared spectroscopy studies of carbon monoxide adsorption and formic 
acid electrooxidation on antimony-modified Pt(100) and Pt(111). Surf. Sci. 1994, 
310:183-197. 
41. Chang SC, Ho Y, Weaver MJ: Applications of real-time infrared spectroscopy to 
electrocatalysis at bimetallic surfaces. I. Electrooxidation of formic acid and 
methanol on bismuth-modified Pt(111) and Pt(100). Surf. Sci. 1992, 265:81-94. 
42. Clavilier J, Fernández-Vega A, Feliu JM, Aldaz A: Heterogeneous electrocatalysis on 
well-defined platinum surfaces modified by controlled amounts of irreversibly 
adsorbed adatoms. 3. Formic-acid oxidation on the Pt(100)-Bi system. J. Electroanal. 
Chem. 1989, 261:113-125. 
43. * Boronat-Gonzalez A, Herrero E, Feliu JM: Fundamental aspects of HCOOH oxidation 
at platinum single crystal surfaces with basal orientations and modified by 
irreversibly adsorbed adatoms. J. Solid State Electrochem. 2014, 18:1181-1193. 
 It describes the different effect of the adatoms according to their nature and the 
surface structure of the electrode.  
44. Lopez-Cudero A, Vidal-Iglesias FJ, Solla-Gullon J, Herrero E, Aldaz A, Feliu JM: Formic 
acid electrooxidation on Bi-modified Pt(110) single crystal electrodes. J. Electroanal. 
Chem. 2009, 637:63-71. 
45. Roychowdhury C, Matsumoto F, Mutolo PF, Abruna HD, DiSalvo FJ: Synthesis, 
characterization, and electrocatalytic activity of PtBi nanoparticles prepared by the 
polyol process. Chem. Mater. 2005, 17:5871-5876. 
46. Alden LR, Han DK, Matsumoto F, Abruña HD, DiSalvo FJ: Intermetallic PtPb 
nanoparticles prepared by sodium naphthalide reduction of metal-organic 
precursors: Electrocatalytic oxidation of formic acid. Chem. Mater. 2006, 18:5591-
5596. 
47. * Wang H, Alden L, DiSalvo FJ, Abruna HD: Electrocatalytic mechanism and kinetics of 
SOMs oxidation on ordered PtPb and PtBi intermetallic compounds: DEMS and FTIRS 
study. Phys. Chem. Chem. Phys. 2008, 10:3739-3751. 
 The effect of the presence of Bi and Pb in the intermetalic compound for the oxidation 
of formic acid is described. A large enhancement is observed.  
48. Llorca MJ, Herrero E, Feliu JM, Aldaz A: Formic acid oxidation on Pt(111) electrodes 
modified by irreversibly adsorbed selenium. J. Electroanal. Chem. 1994, 373:217-225. 
49. ** Perales-Rondon JV, Herrero E, Feliu JM: On the activation energy of the formic acid 
oxidation reaction on platinum electrodes. Journal of Electroanalytical Chemistry 
2015, 742:90-96. 
 Activation energies for the reaction are calculated. This value is very important for the 
comparinson with DFT calculations. 
50. * Peng B, Wang H-F, Liu Z-P, Cai W-B: Combined Surface-Enhanced Infrared 
Spectroscopy and First-Principles Study on Electro-Oxidation of Formic Acid at Sb-
Modified Pt Electrodes. J. Phys. Chem. c 2010, 114:3102-3107. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
16 
 
 DFT calcultions for the effect of Sb in the reaction are presented and a catalytic 
mechanism is proposed. 
 
 
 
